A one-step, single tube, real-time accelerated reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay was developed for detecting the envelope gene of West Nile (WN) virus. The RT-LAMP assay is a novel method of gene amplification that amplifies nucleic acid with high specificity, efficiency, and rapidity under isothermal conditions with a set of six specially designed primers that recognize eight distinct sequences of the target. The whole procedure is very simple and rapid, and amplification can be obtained in less than 1 h by incubating all of the reagents in a single tube with reverse transcriptase and Bst DNA polymerase at 63°C. Detection of gene amplification could be accomplished by agarose gel electrophoresis, as well as by real-time monitoring in an inexpensive turbidimeter. When the sensitivity of the RT-LAMP assay was compared to that of conventional RT-PCR, it was found that the RT-LAMP assay demonstrated 10-fold higher sensitivity compared to RT-PCR, with a detection limit of 0.1 PFU of virus. By using real-time monitoring, 10 4 PFU of virus could be detected in as little as 17 min. The specificity of the RT-LAMP assay was validated by the absence of any cross-reaction with other, closely related, members of the Flavivirus group, followed by restriction digestion and nucleotide sequencing of the amplified product. These results indicate that the RT-LAMP assay is extremely rapid, cost-effective, highly sensitive, and specific and has potential usefulness for rapid, comprehensive WN virus surveillance along with virus isolation and/or serology.
West Nile (WN) virus, an arthropod-borne virus, is a member of the Japanese encephalitis (JE) virus serocomplex of the family Flaviviridae, genus Flavivirus. The virus has a positivesense single-stranded RNA genome of approximately 11,000 nucleotides encoding three structural (capsid [C] , premembrane [prM] or membrane [M] , and envelope [E]) proteins and seven nonstructural (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5) proteins (19, 21) . The virus is maintained in nature through a transmission cycle involving primarily Culex species mosquitoes and birds. Humans and other mammals are incidental hosts. In areas where WN is endemic, in addition to human infections, the virus can also cause mortality among equines, as well as among certain domestic and wild birds (12) .
Historically, WN virus has circulated primarily in Africa, the Middle East, Southern Europe, Australia, Russia, India, and Indonesia, causing epidemics from time to time (1, 3, 6) . However, the recent outbreak of WN virus in North America is a global public health concern. Surveillance of the activity of the virus is therefore critical in implementing proper mosquito control measures that could prevent transmission to and disease among humans (12, 13) . This has necessitated the development of rapid and early detection of virus activity in humans and other hosts for the prediction and prevention of large-scale epidemics.
Routine laboratory diagnosis of WN virus infection is primarily based on serodiagnosis, followed by virus isolation and identification. Serologically, WN virus infection can be inferred by immunoglobulin M (IgM) and IgG capture enzymelinked immunosorbent assay (ELISA). However, confirmation and typing of the virus are based on the demonstration of a fourfold or greater increase in the virus-specific neutralizing antibody titer by plaque reduction neutralization (PRNT) assay with several flaviviruses (9, 11, 18) . Virus isolation in cell culture from both clinical and surveillance samples has generally been unsuccessful owing to the low level of transient viremia associated with the disease process and also requires viable virus in samples. Both virus isolation and PRNT assays are time-consuming and tedious, requiring more than a week for completion. The ability to rapidly detect WN virus is therefore significant, given the nonspecificity of the ELISA and the time required for serological confirmation by PRNT assay.
Recently, several investigators have reported PCR-based detection systems for rapid detection of WN virus infection in clinical specimens that were negative for virus isolation, suggesting that nucleic acid-based assays hold greater promise for detection of WN virus infection. In addition to traditional reverse transcription-PCR (RT-PCR), more rapid and sensitive real-time PCR-based assays, such as TaqMan RT-PCR and nucleic acid sequence-based amplification (NASBA) and branched-DNA methods, have been reported and are currently under extensive evaluation with human and field mosquito samples (14, 15, 25) . However, all of these nucleic acid amplification methods have the intrinsic disadvantage of requiring either a high-precision instrument for amplification or an elaborate complicated method for detection of amplified products (4, 5, 7, 8, 15, 16, 17) . Owing to the problems associated with the current screening systems, it is widely accepted that test results should be confirmed by more than one type of assay. More technologies are therefore needed to complement those already available.
We describe the development of a loop-mediated isothermal amplification (LAMP) assay for detection of WN virus RNA. The LAMP assay is a novel approach to nucleic acid amplification that amplifies DNA with high specificity, selectivity, and rapidity under isothermal conditions, thereby obviating the need for a thermal cycler. The LAMP assay originally described by Notomi et al. (23) is based on the principle of autocycling strand displacement DNA synthesis. The reaction is performed by a DNA polymerase with high strand displacement activity and a set of two specially designed inner primers and two outer primers (23) . LAMP is highly specific for the target sequence because of the recognition of the target sequence by six independent sequences in the initial stage and by four independent sequences during the later stages of the LAMP reaction. The amplification efficiency of the LAMP method is extremely high because there is no time loss for thermal change because of its isothermal reaction. Since the amplification of DNA is directly correlated with the production of magnesium pyrophosphate leading to turbidity, real-time monitoring of the LAMP reaction is possible by real-time measurement of turbidity in an inexpensive photometer (20) . Further improvements in the time kinetics and sensitivity of the LAMP reaction by the use of two additional loop primers, termed accelerated LAMP, have been reported (22) . Therefore, the LAMP assay has the advantages of high specificity, selectivity, and rapidity over other nucleic acid amplification methods. A LAMP assay for hepatitis B virus using DNA as a template has been reported (23) . The LAMP assay is also useful for RNA template detection upon the use of reverse transcriptase (RTase) together with DNA polymerase. Use of the RTcoupled LAMP (RT-LAMP) assay for detection of prostatespecific antigen mRNA in K562 cells has been reported (23) . However, no reports are available on application of the LAMP method for detection of RNA viruses. The present study describes the development of a one-step, single-tube real-time accelerated RT-LAMP assay for rapid detection of the E gene of WN virus. Amplification of the E gene is achieved by incubating the viral RNA with a primer mixture in the presence of RTase and Bst DNA polymerase simultaneously at a constant temperature of 63°C for 1 h. Detection of amplification is accomplished by agarose gel analysis, as well as by real-time monitoring of turbidity in a turbidimeter.
MATERIALS AND METHODS
Cells and virus strains. The virus strains used in the present study were WN virus strains NY99 (flamingo 382-99) and Eg101, Dengue virus type 2 (DEN-2) strain ThNH7/93, JE virus strain JaOArS982, and St. Louis encephalitis (SLE) virus strain Parton. The viruses were propagated by regular passaging in Aedes albopictus clone C6/36 cells (10) and titrated by plaque assay in Vero cells in accordance with the standard protocol (2) .
RNA extraction. The genomic viral RNA was extracted from 140 l of infected culture supernatant with known numbers of PFU of virus by using the QIAamp viral RNA mini kit (QIAGEN) in accordance with the manufacturer's protocol. The RNA was eluted from QIAspin columns in a final volume of 100 l of elution buffer and stored at Ϫ70°C until used.
Primer design. WN virus-specific RT-LAMP primers were designed on the basis of the published sequence of strain NY99 (GenBank accession number AF196835) with the LAMP primer design support software program (Netlaboratory). A set of six primers comprising two outer, two inner, and two loop primers was designed. The two outer primers are known as the forward outer primer (F3) and the backward outer primer (B3), which helps in strand displacement. The inner primers are known as the forward inner primer (FIP) and the backward inner primer (BIP), respectively, and each has two distinct sequences corresponding to the sense and antisense sequences of the target, one for priming in the first stage and the other for self-priming in later stages. FIP contains F1C (complementary to F1), a TTTT spacer, and the F2 sequence. BIP contains the B1C sequence (complementary to B1), a TTTT spacer, and the B2 sequence. FIP and BIP were high-performance liquid chromatography-purified primers. A further two loop primers were designed to accelerate the amplification reaction. The loop F and loop B primers are composed of sequences complementary to the sequences between the F1 and F2 and the B1 and B2 regions, respectively. The sequences of the selected primers were compared to an alignment of the E gene sequences of 14 strains of WN virus from human, mosquito, and crow origins. The details of the oligonucleotide primers used for amplification of the E gene of WN virus are given in Table 1 .
RT-PCR. For comparison with the sensitivity of the RT-LAMP method, RT-PCR was performed by using the two outer primers, F3 and B3, used for the LAMP amplification as forward and reverse primers, respectively, in accordance with the standard protocol (24) . Following cDNA synthesis with reverse primer B3 at 42°C for 30 min, PCR amplification was carried out with the TaKaRa LA Taq PCR kit (TAKARA BIO Inc.) by using 5 l of cDNA and 50 pmol of each primer in a 50-l total reaction volume by following the manufacturer's protocol with the following cycling times and temperatures: 94°C for 2 min and 30 cycles of 94°C for 30 s, 55°C for 1 min, and 72°C for 1 min. After the RT-PCR was performed, a 10-l portion was analyzed by agarose gel electrophoresis on a 3% NuSieve 3:1 agarose gel (BMA, Rockland, Maine) and the DNA was visualized by ethidium bromide staining.
RT-LAMP. The RT-LAMP reaction was carried out in a 25-l total reaction mixture volume with a Loopamp DNA amplification kit (Eiken Chemical Co. Positive real-time RT-LAMP assay results were determined by taking into account the time to positivity (Tp; in minutes), at which the turbidity increased above the threshold value fixed at 0.1, which is two times the average turbidity value of the negative controls of several replicates. None of the positive samples tested at multiple times showed positivity in terms of increased turbidity after 60 min. Therefore, a sample having Tp values of Յ60 min and turbidity above the threshold value of Ն0.1 was considered positive. The specificity of the RT-LAMP-amplified product was analyzed by restriction digestion with the AluI enzyme, as well as by nucleotide sequencing of both digested and undigested products with two outer and two inner primers. Evaluation of RT-LAMP. The feasibility of using the RT-LAMP assay for detection of WN virus-specific RNA in clinical specimens was evaluated with apparently healthy human serum samples spiked with known numbers of PFU of WN virus strain NY99 in the absence of real human or field-collected mosquito specimens. Prior to spiking, all of the healthy human volunteer serum samples were screened by IgM and IgG capture ELISA, as well as by RT-PCR assay for the presence of anti-flavivirus antibodies and WN virus RNA, respectively. A panel of 10 negative serum samples was selected for further evaluation by RT-LAMP assay. Of 10 serum samples, 4 were spiked with known numbers of PFU of virus ranging from 10 2 to 0.1 PFU in duplicate. Following spiking, all of the 14 (8 spiked and 6 negative) serum samples were processed for RNA extraction with a QIAamp viral RNA mini kit (QIAGEN) and screened by RT-LAMP and RT-PCR simultaneously for detection of viral RNA as described above.
RESULTS
The initial standardization and optimization of the RT-LAMP assay were carried out by using a set of four primers comprising two outer and two inner primers as described in Materials and Methods. Following optimization of RT-LAMP, an accelerated RT-LAMP assay was performed by using two additional loop primers to enhance the amplification reaction so as to reduce the time of detection. Detection of gene amplification is accomplished by agarose gel analysis, as well as by real-time monitoring of turbidity. The RT-LAMP assay could amplify the 201-bp target sequence of the E gene of WN virus at 63°C in 60 min, as observed by agarose gel electrophoresis. Amplification was observed as a ladder-like pattern on the gel due to the formation of a mixture of stem-loop DNAs with various stem lengths and cauliflower-like structures with multiple loops formed by annealing between alternately inverted repeats of the target sequence in the same strand (Fig 1A, lane  1) .
Amplification of RNA by RT-LAMP assay requires both RTase and Bst DNA polymerase since no amplification was observed when one of these two enzymes was omitted from the reaction mixture. The effect of two different types of RTases, such as AMV RTase and Moloney murine leukemia virus RTase, on the kinetics of the RT-LAMP reaction was also studied with a fixed amount of target RNA. AMV RTase was found to be more rapid in generating the amplification signal in the form of turbidity, as well as improved sensitivity, compared to Moloney murine leukemia virus RTase (data not shown). The optimum temperature required for efficient amplification by the RT-LAMP assay was also studied by incubating the reaction mixture at temperatures ranging from 55 to 65°C. The results indicate that the optimum temperature for the RT-LAMP reaction is 63°C, which is optimum for the activity of Bst DNA polymerase (Fig 2A) .
The real-time kinetics of the RT-LAMP reaction with or without loop primers was studied at 63°C by monitoring turbidity as described in Materials and Methods. The results indicate that the time required for initiation of amplification was 17 or 35 min with or without loop primers, respectively (Fig.  2B ). This finding suggests that the use of loop primers accelerated the amplification by reducing the time of detection to half compared to RT-LAMP without loop primers. It was also observed that there is continuous amplification of the target sequence in a stepwise gradient manner, as observed by increased turbidity compared to that of the negative control having no template, where the turbidity gets fixed at around 0.01 below the threshold value (Fig. 2B) .
Following standardization, optimization of the RT-LAMP assay was also carried out with regard to the effect of primer and template concentrations on reaction kinetics and sensitivity. The optimal ratio of primer (inner-outer-loop) concentrations for RT-LAMP reaction was found to be 10:1:5 with 50, 5, and 25 pmol, respectively. The effect of higher concentrations of primers and RNA template on the RT-LAMP reaction kinetics was also studied by real-time monitoring. However, no significant improvements could be observed with regard to reaction kinetics when either primer or template concentrations were increased.
Sensitivity and specificity of RT-LAMP. The sensitivity of the accelerated RT-LAMP assay for detection of WN virus RNA was determined by testing serial 10-fold dilutions of virus that had previously been quantified by plaque assay and compared with that of conventional RT-PCR. The accelerated RT-LAMP assay was able to amplify the 10 4 PFU of virus in 17 min, having a detection limit of 0.1 PFU of virus (Fig. 2C) . The comparative sensitivities of the RT-LAMP and RT-PCR assays revealed that the RT-LAMP assay was 10-fold more sensitive than the RT-PCR assay, which has a detection limit of 1 PFU of virus, as indicated by the presence of a 201-bp amplicon (Fig. 1B and C) . The sensitivity of the RT-LAMP assay was found to be same for both the NY99 and Eg101 strains of WN virus tested in this study.
The specificity of the RT-LAMP primers for the E gene of WN virus, as shown in Table 1 , was established by checking the reactivity with another strain of the WN virus (Eg101), as well as the cross-reactivity with other serologically related members of the flavivirus group, such as DEN-2 (ThNH7/93 strain), JE virus (JaOArS982 strain), and SLE virus (Parton strain). The WN virus-specific RT-LAMP primers demonstrated a high degree of specificity for WN virus by amplifying WN virus strains NY99 and Eg101 but yielding negative results with all of the other viruses tested. (Table 2 ). The specificity of the amplification was confirmed by restriction endonuclease digestion with the AluI enzyme, which resulted in a 175-bp product, which is in good agreement with the predicted size (Fig. 1A,  lane 2) . Further confirmation of the structures of the amplified products was also carried out by nucleotide sequencing with inner primers wherein the sequences obtained perfectly matched the expected nucleotide sequences (data not shown).
The comparative evaluation of RT-LAMP vis-à-vis traditional RT-PCR with a limited number of spiked serum samples revealed a very good correlation in detecting viral RNA. A 100% concordance between the two test systems with regard to sensitivity and specificity was observed. The sensitivity of both VOL. 42, 2004 REAL-TIME DETECTION OF WEST NILE VIRUS BY RT-LAMP 259 the test systems with spiked human serum sample was found to be 1 PFU of virus. All of the negative serum samples were negative by both the tests.
DISCUSSION
The recent outbreaks of WN virus in the northeastern part of the American continent and other regions of the world have made it essential to develop an efficient protocol for surveillance of WN virus. The best approach to minimize the risk to humans should involve continuous monitoring of virus activity among migratory birds, mosquitoes, and equines to track down the course of infection for pre-warning of large-scale epidemics. The accumulation of data on viral infection among various species of mosquitoes and birds, as well as other vertebrates, such as bats and horses, in an expanding geographic area during the transmission season provides valuable information for the prevention and prediction of future outbreaks. This is critical for implementing proper mosquito control measures that could prevent virus transmission to and disease among humans.
The difficulty in isolating the virus from clinical specimens has also necessitated the development of rapid and reliable virus detection assay systems. Nucleic acid-based techniques, especially RT-PCR, have the advantage of sensitivity, specificity, and rapidity. Despite their simplicity and the obtainable magnitude of amplification, the requirement of a high-precision thermal cycler prevents this powerful method from being widely used in places such as private clinics as a routine diagnostic tool. In addition to RT-PCR, other sensitive and realtime nucleic acid-based assays, including the TaqMan RT-PCR, NASBA, and branched-DNA amplification methods, are also available for the detection of WN virus RNA (14, 15, 25) . These methods can amplify target nucleic acids to similar magnitudes, all with a detection limit of less than 10 copies and within an hour or so, but still have shortcomings to overcome. All of these assays require either a precision instrument for amplification or an elaborate method for detection of the am- plified products because of poor specificity of target sequence selection.
This report describes the development of one-step, singletube, real-time, accelerated RT-LAMP assay for rapid detection of the E gene of WN virus. Just as in a one-step RT-PCR, cDNA synthesis and follow-up amplification can be achieved in a single tube by incubating the viral RNA with a primer mixture in the presence of RTase and Bst DNA polymerase simultaneously at a constant temperature of 63°C for 60 min in a heating block. Amplification by the RT-LAMP assay is based on the principle of autocycling strand displacement DNA synthesis. In the initial steps of the RT-LAMP reaction, all four primers are used, but later, during the cycling reaction, only the inner primers are used for strand displacement DNA synthesis. The RT-LAMP assay used one of two formats for detection of virus-specific amplification, either postamplification detection by agarose gel analysis or real-time monitoring of turbidity in a turbidimeter. The cost of the turbidimeter is $5,000, which is very low compared to that of the ABI Prism 7700 sequence detection system instrument (PE Applied Biosystems) required for the real-time TaqMan RT-PCR and NASBA assays, which is $100,000.
The accelerated RT-LAMP assay for WN virus reported here showed exceptionally higher sensitivity, specificity, and rapidity in comparison with the traditional RT-PCR assay. The RT-LAMP assay was found to be 10-fold more sensitive than the traditional RT-PCR assay, detecting 0.1 PFU of WN virus.
The RT-LAMP assay also demonstrated a high degree of specificity for WN virus, having no false-positive results with any of the serologically related flaviviruses tested, indicating that it is highly specific for the target sequence (Table 2 ). This is attributed to the choice of primers, which were designed after analysis of the sequence alignment of 14 different strains of WN virus from diverse geographical locations like Uganda and Egypt and including recent U.S. isolates of from humans, crows, mosquitoes, and horses. The sequence alignment showed 95 to 100% homology among the different strains. All of the isolates of U.S. origin showed almost 98 to 100% homology. Only a few mismatches of two or three bases could be observed in Ugandan and Eg101 strains in some of the primer sets, but these mismatches did not show any significant difference in terms of detection of viral RNA by the LAMP assay, as reflected by the similar sensitivities obtained with both the NY99 and Eg101 strains of WN virus included in this study.
The accelerated RT-LAMP method using two additional loop primers cuts the signal generation time in half and thus requires only 17 min to detect the amplification that can be either observed visually or monitored in real time with a turbidimeter. The loop primers hybridize to the stem-loops, except for the loops that are hybridized by inner primers and thus prime strand displacement DNA synthesis (22) . In addition to its higher amplification efficiency, the RT-LAMP reaction yields a large amount of the by-product pyrophosphate ion, leading to the accumulation of a white magnesium pyrophos- As discussed above, execution of the RT-LAMP reaction and turbidity measurement is extremely simple compared to that of the existing real-time TaqMan RT-PCR and NASBA assays, which requires fluorogenic primers and probes, as well as expensive detection equipment, as described earlier. Since turbidity can be confirmed visually, the only device required for the LAMP reaction is a laboratory water bath or heating block to provide a constant temperature of 63°C. Particularly important is the fact that substantially less time is required for confirmation of the results of the RT-LAMP assay, i.e., less than 1 h (as little as 17 min), compared to 3 to 4 h in the case of RT-PCR. The suitability of the RT-LAMP assay for detection of viral RNA in clinical specimens was validated with a limited number of spiked human serum samples in the absence of real-world human and field-collected mosquito specimens. However, further evaluation with a more defined panel of serum, cerebrospinal fluid, mosquito pools, and avian tissue samples is warranted to establish the RT-LAMP assay as a tool for surveillance of WN virus. Taken together, the data reported here indicate that the RT-LAMP assay is extremely rapid, cost-effective, highly sensitive, and specific and could be used along with virus isolation and/or serology as a comprehensive WN virus detection system in the diagnostic laboratory.
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